Abstract Brackish karst springs are common along every karstic sea shore consisting of limestone and dolomite. On the Croatian sea coast there are more than 300 permanent or temporary brackish karst springs. From the standpoint of water supply, the problem of karst spring water salinization is quite significant because large quantities of high quality fresh water are not available to be used either as drinking water or for industrial and agricultural purposes. The salinity of brackish karst springs situated along the Adriatic coast varies from 10 to more than 18 000 mg Cl Y 1 with an unfavourable distribution during the year. In the wet winter period, when water quantities in the region are abundant, the salinity is exceedingly low. In the warm and dry summer period the chloride concentration is high. At that season, when a shortage of fresh water in the region occurs, especially due to tourism, karst spring water is so salty that it cannot be used at all. The mechanism of sea water intrusion is relatively well known but the problem of karst springs desalinization has not been solved in practice. The Ghyben-Herzberg relationship is formulated exclusively on the basis of hydrostatic equilibrium, and its use under dynamic conditions is limited. The dynamics of fresh water circulation towards karst spring exits are very specific for each individual spring. Using numerous hydrological, hydrometric, hydrogeological and speleological investigations of the brackish Blaz (Croatia) karst spring, this paper gives the plausible position and dimensions of the main karst conduits through which sea water penetrates into the spring exit.
INTRODUCTION
Water circulates at highly variable rates through karst aquifers, i.e. it flows rapidly through solution-enlarged fractures and conduits and more slowly through fine fractures and pores. The groundwater flow in the conduits and fractures of karst aquifers differs radically from the flow in other aquifers. The scientific and engineering community dealing with karst hydrology and hydrogeology has often been called upon to solve the following problems: is it possible to quantify karst aquifer behaviour and to calculate and develop good and applicable rainfall-runoff mathematical models?
During the last twenty years, investigations of the water circulation in karst aquifers have resulted in numerous theoretical and practical findings (Atkinson, 1977; Gale, 1984; Bonacci, 1987 Bonacci, , 1995 . A careful analysis of so-called "unexpected" karst phenomena reveals the position, dimensions and interactions of underground and surface karst features and water circulation (Bonacci & Jelin, 1988; Bonacci et al., 1995) . The flow mechanism in complex heterogeneous and anisotropic karst system is generally not understood as well as the flow through granular porous media or through pipes. The use of either a "discrete" or a "continuum" approach depends upon the local gradient and the geometry of the fracture space.
Hydraulic and hydrogeological explanations of the mechanism and development of brackish karst springs (Gjurasin, 1942 (Gjurasin, , 1943 Kuscer, 1950; Breznik, 1976; Bonacci, 1987; Bonacci et al., 1995) represent a special problem. These springs are a regular phenomenon of every sea coast which is formed of limestone and dolomite. The increasing shortage of drinking water in coastal areas will require the use of brackish karst springs and even submarine springs within the future. Consequently, this paper deals with the facts concerning such springs as well as the possibilities of using them for water supply purposes.
Along the Adriatic Sea coast in Croatia there are more then 300 permanent and temporary abundant brackish karst springs. The theory and mechanism of sea water intrusion is relatively well known. Karst springs situated along the littoral belt are very often not protected from sea water intrusion. This paper presents a scheme for the desalinization of brackish karst springs in the karst littoral belt using the experience obtained in the identification and modelling of underground karst systems. Detailed investigations and measurements carried out on the Blaz brackish karst spring serve as good examples to support the proposed hypothesis.
MECHANISM AND PROTECTION FROM SEA WATER INTRUSION
The functioning of each littoral brackish karst spring and the mechanism of any sea water intrusion into the spring are individual due to the great variability of karst underground geology and morphology, especially along a limestone sea coast, and even though all processes of water flow and mixing of sea water with fresh water are governed by simple well-known physical laws. The literature dealing with this problem is extensive (Gjurasin, 1942 (Gjurasin, , 1943 Breznik, 1976; Johnston, 1983; Bonacci, 1987; Pavlin, 1990; Research Council of Norway, 1994; Bonacci et al., 1995) but there has not been any significant progress so far in the explanation of individual karst spring functioning. The main reason is that a great many different, variable and non-steady data in space and time are needed in order to describe and to understand this process.
Along the sea coast fresh groundwater occurs typically as a lens shaped body. The thickness of the lens, which is related and governed by the fresh water head in accordance with the Ghyben (1889) and Herzberg (1901) relationship, is constrained by geological features and land elevation. The relationship is valid only for relatively homogeneous aquifers and for areas not very close to the coast. The fresh water head above sea level, h 2 (Fig. 1) , is changeable in time and space because of hydrological and hydrogeological reasons and sea level movement. Groundwater is also restricted by constraints on the hydraulic head and there is some thickness in the transition zone (Fig. 1) . In spite of all the restrictions of the Ghyben-Herzberg relationship it is the first and standard step into this type of analysis. Figure 1 gives only a simple and schematic presentation of the fresh and sea water relationship in a homogeneous aquifer. A hydrological investigation of the Naura Island in the Pacific (Ghassemi et al., 1990) showed that the transition zone, where fresh and sea water intermingle, is very large. The majority of karst springs (permanent or temporary; fresh or brackish; coastal or submarine) along the Adriatic Sea coast are ascending or vauclusian karst springs (Bôgli, 1980) . In the most recent geological past, i.e. after the last déglaciation, the Adriatic Sea level was lower than at present. Segota (1968) reported that about 25 000 years ago the level was 96.4 m lower than at present. At that time, it represented the erosion basis for the karst area, so that the springs appeared at that level. As the sea level gradually rose the springs emerged below the water level, and thus new channels were simultaneously formed in the karst, together with new, higher positions of the coastal springs. This process is still in progress. Figure 1 shows the simplest case of the connection between coastal and submarine springs which can act as a spring or a ponor depending upon the hydraulic conditions. Bonacci et al. (1995) explained in detail a case where two coastal and two submarine springs are interconnected.
There are various kinds of mechanism of sea water intrusion. Gjurasin (1942 Gjurasin ( , 1943 , Kuscer (1950) , Breznik (1976) , Bôgli (1980) and Bonacci (1987) give some different possibilities for fresh water contamination by sea water.
Generally there are three possible ways of protecting brackish karst springs: (1) Construction of a grouting screen (curtain) which isolates the fresh karst aquifer from the influence of the sea water. The main problems are the definition of the location and dimensions of the screen and of achieving a satisfactory watertightness. Generally, the difference between the designed screen and that constructed is very large (Pavlin, 1990) . (2) Artificial raising of the water level of the spring. Such raising can be achieved by the construction of a dam ahead of the karst spring (Breznik, 1976) . This approach can be successful only in favourable hydrogeological conditions. (3) Abstracting the fresh water in the karst massif away from the zone of contamination. The definition of the exact distance from the sea shore where only fresh water would be extracted is a major problem. Very often a combination of the methods mentioned above is required although success is not guaranteed. Figure 2 presents the case of a spring zone in the Rasa Bay on the Adriatic Sea coast. There are about twenty springs along the coast either near or in the sea and one main karst spring at Blaz. The capacity of the Blaz Spring is more than 90% of the entire zone appears in the region of contact between the carbonate masses and the impermeable flysch layers.
GENERAL CHARACTERISTICS OF THE BLAZ BRACKISH KARST SPRING
In spite of numerous and detailed hydrogeological investigations (especially groundwater tracing) it has not been possible to define either the catchment boundary or the exact hydrogeological catchment area. The latter is estimated to cover between 100 and 150 km 2 . The catchment is located between 45°00' and 45° 10' N and 14°00' and 14°05' E. The catchment area is mainly formed of carbonate rocks and partly of impermeable flysch. Carbonate layers differ according to their age, lithological composition, bedding and structural-tectonic position. A great number of the faults, fissures, joints, sinkholes and jamas consist of carbonate layers which are very permeable to water. The main direction of groundwater circulation is NW-SE which corresponds to the direction of the structures and main fault system. The density of the sinkholes varies within the catchment area. There are no permanent surface streams in the Blaz Spring catchment area. Intensive rainfall is followed by short-lasting surface flows whose waters quickly sink underground through small swallow holes and large and small karst fissures. The inflow to the spring zone is formed exclusively by underground water circulation through a karst aquifer.
Exact discharge measurements of the main Blaz karst spring are extremely difficult and not reliable because of morphological and hydrological problems and due to sea water oscillation. Hydrometric measurements of the twenty or so small springs dispersed along approximately 300 m of the sea coast are practically impossible. Minimum <2 m i n > average Q and maximum (2 max discharges of the main Blaz Spring are estimated to be as follows: e min « 0.1 mV 1 ; Q « 2 m 3 s 4 ; g max « 20 m 3 s
The Blaz Spring belongs to a group of karst springs with limited outflow capacity. These springs have a maximum discharge which is limited by the dimensions of the karst conduits, specially their exits. Therefore, a few temporary karst springs appear along the littoral belt immediately after an intensive rainfall which causes a sudden increase in the groundwater level (GWL) in the catchment.
The catchment area has a North Mediterranean climate. The average annual air temperature is about 12°C with a minimum daily average temperature in the December-February period of about 0°C and a maximum average daily temperature in July and August of about 31 °C. The annual rainfall ranges from 750 mm to 1600 mm. The average annual rainfall is about 1150 mm. The maximum rainfall occurs in November and the minimum in July.
DESCRIPTION OF THE FIELD MEASUREMENTS
The intrusion of sea water into the Blaz Spring occurs every year during warm and dry summer or autumn seasons, after a long period without precipitation. This sea water intrusion disappears with the appearance of abundant autumn or winter precipitation. Consequently, detailed field measurements of a great number of parameters were organized from 1 August 1990 to 15 January 1991 (168 days). In this way one complete cycle of the sea water intrusion and retreat was included. Using these data the exploration of the mechanism of sea water intrusion and protection against it will be described in detail. The following parameters were measured once a day: (1) precipitation at six gauges in the Blaz Spring catchment area; (2) water level of the Blaz Spring; (3) GWL in 26 piezometers (Fig. 2) ; (4) groundwater salinity in 26 piezometers from the water surface to a depth of 50 m; (5) air temperature; (6) sea water temperature; (7) Blaz Spring water temperature. Sea water level was measured four times a day. The maximum depth of the piezometers was 60 m below sea level. This depth was not sufficient for some of the analyses due to deep karstification in this area which reaches more than 100 m below sea level.
The analysis of all the responses of the Blaz Spring water level and GWLs in 26 piezometers during the 168 days of measurement showed a strong interconnection typical for the karst areas depending upon the rainfall P in the catchment (Bonacci, 1995) . Daily precipitation below about 20 mm during the summer and early autumn did not lead to an increase in spring water level and GWL. Generally, a precipitation quantity below 20 mm was evidently retained in the karst underground. Assuming that the catchment area is between 100 and 150 km 2 , the total volume of water which could be retained in the catchment subsurface due to infiltration was estimated to be approximately from 2 X 10 6 m 3 to 3 X 10 6 m 3 . More detailed analysis was not possible due to the short period of record.
Using the linear correlation coefficients determined between pairs of daily GWL measured in 26 piezometers during the period from 1 August 1990 to 15 January 1991, it was possible to conclude that there were two clusters of parameters (Fig, 2) : (i) B3, B4, B5, B6, B15, B16, B17, B18, B19, B20, B21, B23, B24, B25; and (ii) B8, B9, BIO, Bll, B12, B13. The remaining five piezometers were not connected either between themselves or to any other piezometer.
This analysis showed the existence of two main groundwater flow directions. The first one was much the more important because the groundwater in it circulated directly to the main Blaz Spring which evacuated about 90% of all water coming from the catchment area.
The previously mentioned conclusions are supported by an analysis of the linear correlation coefficients of daily water levels measured in the Blaz Spring and the GWLs in the 26 piezometers. In accordance with these analyses it was possible to assume that the most direct connection between the groundwater and the Blaz Spring water is in the direction (B25, B24, B23, B5) -(B15, B16, B17) -(B20, B19, B21). Figure 3 gives a graphical presentation of daily water salinity measured in the Blaz Spring and piezometer B20. It is possible to see that a sudden rise in the salinity of the spring water began on 1 October, viz. from 173 mg Cl 1" 1 on 30 September to 422 mg CI l" 1 on 1 October. During the period 10 October-31 December there were numerous oscillations of salinity from 500 mg CI l" 1 to a maximum of 14 800 mg Cll"
1 . According to Croatian standards, the salinity of drinking water is maximally 250 mg Cll" 1 . Some Mediterranean countries, as well as numerous countries with dry and warm climates, have raised this limit to 500 mg Cl f 1 . The inhabitants of the Sahara can drink water with a salinity of up to 2 000 mg Of 1 . The sea water intrusion was abruptly interrupted on 1 January after the heavy rainfall which occurred over the catchment. Sahara can drink water with a salinity of up to 2 000 mg CI l" 1 . The sea water intrusion was abruptly interrupted on 1 January after the heavy rainfall which occurred over the catchment.
The hypothesis about the flow direction, which results from the relationship between Blaz Spring water levels and GWLs is confirmed by linear correlation coefficients of daily water salinity measured in the Blaz Spring and at the top of the 26 piezometers (Table 1) . A detailed analysis of the relationship of salinity in the Blaz Spring and in its immediate karst hinterland is very important for understanding the mechanism of sea water intrusion and the means of protection. The graphical presentation given in Fig. 4 clearly indicates some aspects of sea water intrusion in the Blaz Spring. The maximum salinities observed in the 26 piezometers and the Blaz Spring during the period of measurement are shown in Fig. 4 . It can be seen that the salinity of the Blaz Spring was significantly greater than the surface salinity in all the piezometers. It should be mentioned that the salinities in all the piezometers at a depth of about 50 m below sea level were practically the same as those of the GWL surface in the piezometers. From Fig. 4 it is possible to conclude that sea water intrusion to the Spring Blaz occurs through the karst conduit which is situated in the direction defined by the strip from (B20-B15-B25) to (B19-B16-B23) where the maximum salinity was measured. Conditions for speleological investigations in this locality do not exist and so there is no known conduit along this strip. It can only be inferred from the above analysis. In this way the x-y position of the underground karst conduit 2 ( Fig. 1 ) was approximately determined, but the z (depth) is not known. Figure 5 presents the ratio between the water level in the Blaz Spring and the spring water salinity from the beginning (1 August) to the end (15 January) of the measurements. The consecutive pairs of observations are connected by straight lines and directions marked by arrows. Figure 6 presents the ratio between salinity, 5, and water level, H, of the Blaz Spring for the period before the intrusion of sea water.
The significance of Figs 5 and 6 is in the clear presentation of the mechanism of sea water intrusion in the Blaz Spring. Using the graphical presentation given in Fig. 5 it is possible to define the exact time of the beginning and end of sea water intrusion. These data are crucial for conclusion that the sea water penetrates into the Blaz Spring through a karst conduit. Figure 6 shows the influence of sea water fluctuations (ebb and flow) on the salinity of the Blaz Spring.
An analysis of the linear correlation coefficients between sea temperature, T s , air temperature, T a , and the Blaz Spring water temperature, T w , shows that the Blaz Spring water temperature is not closely connected either with air or sea temperatures. It should be stressed that on 1 October when the sea water intruded into the main spring the temperatures of the spring and the sea water were practically the same. After this date the differences between them gradually increased.
A schematic presentation of the position of only two karst conduits in Fig. 1 is the simplest description of a brackish littoral karst spring. After a long lasting dry period when the GWL is very low and the limit between sea and fresh water becomes higher than the position of the junction between karst conduits 1 and 2 (point A, Fig. 1 ) sea water intrusion into the littoral karst spring is possible. If this condition is valid and if karst conduit 2 is under the line which connects B20 -Blaz Spring -B15 -B25, then it is possible to define the approximate position of the limit between the sea water and the fresh water by using the GWL measured on the day of sea water intrusion. In this way it is possible to define approximately the location of the karst conduit junction (point A, Fig. 1 ). This is not only the first but a very indicative approach to the solution of this extremely complex problem. For example, on 1 October, when the sea water intruded into the Blaz Spring, the GWLs at piezometers B20, B15 and B25 were 0.41, 0.62 and 0.65 m a.s.l. respectively. In the Adriatic Sea the ratio:
where h x is the depth of fresh water below sea level, h 2 is the height of fresh water above sea level (Fig. 1) , p s is the sea water density and p f is fresh water density, ranges approximately from 35 to 40. In accordance with this it is possible to define three limiting points between the sea water and the fresh water. They are: 14-16 m, 22-25 m and 23-26 m below sea level, for the position under the B20, B15 and B25 piezometers, respectively. The position of the conduit junction defined herein is only the first approximation of the real state. A lot of detailed measurements and investigations will be needed for discovering the exact location.
The sea water intrusion stopped suddenly on 1 January after five days of intensive rainfall totalling about 75 mm. At that time the water level of the Blaz Spring was 1.4 m a.s.l. and GWLs in piezometers B20, B15 and B25 were 1.14, 1.85 and 1.99 m a.s.l. respectively. It is evident that intensive and abundant precipitation is needed in order to stop intrusion of sea water into the Blaz Spring. The conditions for the rapidly rising GWL and the immediate stoppage of sea water intrusion into the Blaz Spring can be ensured only by such intensive rainfall.
CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER WORK
This paper attempts to present a practical engineering solution of the complex problem of sea water intrusion into a littoral karst spring. The final goal of the investigation is to protect littoral karst springs against contamination by sea water.
The brackish karst Blaz Spring represents a typical and very frequent case along the Adriatic Sea coastline. In this study the accent has not been placed upon relatively well-known but complex theoretical analyses, which are complex primarily because of the unknown karst underground morphology. Consequently, the mechanism of sea water intrusion and the identification of the position of the karst conduits through which the sea water penetrates have been studied. Some progress has been achieved but it is not sufficient. To date, investigations and numerous field measurements conducted in the Blaz Spring zone have pointed to the necessity of performing further measurements and analysis. In the first place the piezometers of the first cluster (Fig. 2) should be drilled down to about 120 m below sea level. This is governed by the local depth of karstification and experience based on the existence of karst conduits in the Croatian littoral belt. All measurements have to be organized on a continuous basis. Water temperature and salinity in the piezometers should be measured along the entire water column at intervals with a maximum of 5 m. In this way it will be possible to identify the positions and dimensions of karst conduits.
The investigations described in this paper lead to relatively new conclusion about the prevention of sea water intrusion into littoral karst springs. Sea water penetration into the Blaz Spring could be prevented by blocking karst conduit 2 (Fig. 2) through which the main quantity of sea water intrudes into the spring. As far as the authors know, there is no practical experience of coastal karst spring protection by the locking of a karst conduit. It is believed that this is a promising and not expensive approach. It is well known that groundwater flow in karst appears as two types: turbulent conduit flow and diffuse Darcian flow in fine fractures. A classical, very common, but relatively expensive method for karst spring development, which is, however, not very efficient, is the construction of a grouting screen (curtain). The main reason for the low efficiency of a grouting screen is the fact that, with this facility, it is generally not possible to block the huge karst conduits through which the majority of sea water penetrates into littoral springs.
